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ABSTRACT.—Thirty-three species of ferns with nonchlorophyllous spores and five species with
chlorophyllous spores were studied in regard to their ability to survive exposure to liquid nitrogen
(LN). Air dried spores showed no inhibition of germination after LN exposure when planted on
soil or growth medium. Spores of three species that were stored for 75 months either at 4°C, —20°C,
or in LN showed no decrease in viability over that time, and spores of four other species were
maintained successfully for 52 months in LN. Fresh chlorophyllous spores that were air dried,
dried over silica gel, or prepared with the encapsulation dehydration procedure also showed good
survival through desiccation and LN exposure. Spores of Osmunda regalis germinated well after
18 months of LN storage. These results indicate that both nonchlorophyllous and chlorophyllous

spores are candidates for long-term germplasm storage at low temperatures, including storage in
LN.

Ex situ preservation of spores, particularly of rare species from threatened
habitats, can be an important supplement to the maintenance of pteridophyte
species in the wild. Many species of homosporous ferns produce nonchlor-
phyllous spores that can be stored for relatively long periods of time, although
they can eventually lose viability in storage (Beri and Bir, 1993; Camloh, 1999).
It has also been shown that hydrated spores of some of these species can
remain viable in the soil spore bank for a number of years, and moist storage
of spores ex situ has also been effective (Lindsay et al., 1992; Dyer, 1994).
Other species of ferns and fern allies produce chlorophyllous spores, which
generally have limited viability, even though they may survive desiccation
(Lloyd and Klekowski, 1970).

Low temperature storage has been shown to improve the longevity of dry
seeds (Dickie et al., 1990), and lower temperatures improved the survival of
spores of the tree fern, Cvathea delgadii during two vyears of storage (Sima-
bukuro et al., 1998). Cryopreservation, or storage at —196°C in liquid nitrogen
(LN), has the potential for maintaining viability in living tissues over long
periods of time. Many seeds can survive direct exposure to LN (Stanwood,
1985; Pence, 1991), and spores of the endangered tree fern, Cvathea spinulosa
have been successfully germinated after cryopreservation (Agrawal et al.,
1993).

In order to examine the possibility of extending cryopreservation to other
species of ferns, spores of several nonendangered chlorophyllous and non-
chlorophyllous species were tested for their ability to withstand LN exposure,
and storage in LN was compared with other low temperature storage methods.
Results from tests with these common species should provide direction for
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future work with rare or endangered germplasm, which is often in limited
supply.

MATERIALS AND METHODS

Spores were obtained from a variety of sources, including from the American
Fern Society Spore Exchange and from fronds collected in northwest Trinidad.
at the Krohn Conservatory (Cincinnati) and at the Cincinnati Zoo and Botan-
ical Garden.

When fronds were collected, they were air dried for several days under am-
bient conditions in the laboratory in paper envelopes, with spores collected
from the envelopes and by scraping the fronds. Samples of the spores were
then transferred to 2 ml polypropylene cryovials and immersed directly into
LN. After 1 hr, the vials were removed and placed on the benchtop to warm
at ambient temperature for 20 min.

LN exposed and control nonchlorophyllous spores of 33 species were tested
for germination using one of the two following methods.

1) Spores of some species were sown on moist sterile soil (Metro Mix 250)
in Magenta boxes or baby food jars with Magenta caps, and incubated at 26°C
under CoolWhite fluorescent lights in a 16/8 hr light/dark cycle.

2) Spores of other species were germinated in vitro. Spores were wrapped
in a small package made from Whatman No. 1 filter paper, and surface ster-
ilized in a 1:20 dilution of commercial sodium hypochlorite for 5 minutes,
tollowed by two rinses in sterile, ultra-pure water. The spores were then blot-
ted onto medium consisting of half-strength Linsmaier and Skoog (1965) (LS)
medium with 1.5% sucrose and 0.22% Phytagel (Sigma Chemical Co.), in 60
X 15 mm disposable petri dishes, approximately 15 ml/dish.

For longer storage, nonchlorophyllous spores of three species were placed
in multiple cryovials and stored at three temperatures: LN (—196°C), —20°C,
and 4°C. The cryovials stored at —20°C and 4°C were placed inside 20 ml
borosilicate scintillation vials with plastic screw caps, containing 2-2.3 g of
silica gel. Spores from the three storage temperatures were sampled at 7, 13,
34, and 75 months by germinating on soil, as described above. Spores from
tour species collected in Trinidad were also cryostored in LN,

Chlorophyllous spores of five species were also tested. These were obtained
either from the Spore Exchange or from plants growing at the Cincinnati Zoo
and Botanical Garden. In most cases these were air dried, as for the nonchlo-
rophyllous spores.

However, Osmunda regalis spores which were collected from plants grown
at the Cincinnati Zoo and Botanical Garden were tested using two other pro-
cedures. One portion of the spores was dried in a desiccator with silica gel
overnight, placed in a cryovial, and frozen and thawed as described above.
The spores were then placed in a 100% humidity chamber for 3 hours, and
surface sterilized and germinated in vitro as described above. A second portion
of the spores was first surface sterilized and then encapsulated in alginate
according to the procedure of Fabre and Dereuddre (1990). The spores were
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blotted into a 3% solution of low viscosity alginic acid (Sigma Chemical Co.)
and the spore suspension was added dropwise to a 100 mM solution of cal-
cium chloride, where the drops gelled and formed alginate beads containing
the spores. After 20 min the beads were transferred to a solution of LS medium
containing .75M sucrose and incubated on a gyratoray shaker, 125 rpm, for 18
hours. They were then dried on filter paper under the air flow of a laminar
flow hood for 4 hours, transferred to 2 ml polypropylene cryovials, immersed
directly into LN, and maintained there for 1 hour. The beads with spores were
warmed at room temperature for 20 minutes and then transferred to hali-
strength LS medium for rehydration and growth. Some dried beads were also
put into long-term LN storage, and a sample was removed after 18 months for
growth and evaluation.

Only a qualitative evaluation of spore germination was made, both on soil
and in vitro, although an attempt was made to maintain approximately equal
amounts of control and LN exposed spores. Positive spore germination was
recorded if any germination was observed. With the nonchlorophyllous spores,
no great differences in the rate of germination were observed between control
and frozen spores of any species, as determined by gross observation. With
chlorophyllous spores, a distinction was made between the germination of

many spores and the germination of one or only a few spores, as indicated in
Table 3.

RESULTS

The germination of air-dried nonchlorophylous spores exposed to LN was
equivalent to that of nonexposed spores for the species tested (Table 1). Ger-
mination rates varied between species, as determined by visual examination
of the germination of similar amounts of spores, but there were no obvious
differences between LN exposed and control spores of the same species. In the
case of three species, there was no germination from either control or LN ex-
posed spores.

There was also no apparent difference between the germination of spores of
three species stored at 4°C, —20°C, or in LN, after more than six years of storage
(Table 2). Four species from Trinidad (Adiantum tenerum, Cyclopeltis semi-
cordata, Macrothelyptris torresiana, and Tectaria incisa) were also placed into
long-term LN storage and germinated well after 52 months of storage.

Chlorophyllous spores of five species were also tested (Table 3). There was
no germination observed for Blechnum nudum, Matteuccia struthiopteris, or
Osmunda cinnamomea spores, that were obtained after storage at the Spore
Exchange for several months. With Onoclea sensibilis spores obtained from
the Spore Exchange, only one spore germinated in the nonexposed samples
and none in the LN exposed sample, suggesting a low viability of the spores
overall. However, when fresh spores of O. sensibilis were collected locally and
tested, there was germination of the dried spores, both with and without LN
exposure. Similarly, when spores of Osmunda regalis were obtained from a
nonlocal source after about a year of dry storage, there was very little germi-
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TAaBLE 1. Survival of 33 species with nonchlorophyllous spores through LN exposure after air drying;
germination = +; no germination observed = —; contaminated, germination could not be observed = C.
Spore sources: K = Krohn Conservatory; SE = Spore Exchange; T = Trinidad collection: Z = collection
at the Cincinnati Zoo and Botanical Garden.

Germination

Species Source Control LN expose

Germinated in vitro

Adiantum caudatum L. K C +
Adiantum tenerum Sw. K % +
Adiantum trapeziforme L. K s +
Cibotium glaucum (Sm.) Hook & Arn. K + %
Cyrtomium falcatum (L.f.) C. Presl K + i
Davallia fejeensis Hook. K + +
Drynaria quercifolia (L.) J. Sm. K % P
Phlebodium aureum (L.) J. Sm. K ~ .

Germinated on soil

Adiantum tenerum Sw. T + ;S
Adiantum tetraphyllum Humb. & Bonpl. ex Willd. T + &
Asplenium ruta-muraria L. SE + +
Asplenium platyneuron (L.) Britton, Sterns, & Poggenb. Z . 3 : -
Athyrium filix-femina (L.) Roth Z. + +
Athyrium thelypteroides (Michx.) Desv. Z + *
Bolbitis sp. K = =
Cibotium schiedei Schltdl. & Cham. K + +
Cyathea arborea (L.) Sm. SE + ;.3
Cyclopeltis semicordata (Sw.) J. Sm. T + +
Cvyrtomium falcatum (L.f.) C. Presl. LK + +
Cyrtomium fortunei John Sm. Z 2 +
Dryopteris carthusiana (Vill.) H. P. Fuchs Z + +
Dryopteris celsa (W. Palmer) Small SE + +
Dryopteris clintoniana (D.C. Eaton) Dowell SE + +
Dryopteris goldiana (Hook.) A. Gray £ + +
Dryopteris marginalis (L.) A. Gray 4 + 2 3
Macrothelyptris torresiana (Gaud.) Ching o : +
Nephrolepis sp. L ¥ ¥
Phegopteris connectilis (Michaux) Watt SE - =
Polystichum acrostichoides (Michx.) Schott Z : 2 +
Polystichum aculeatum (L.) Roth Z + +
Polystichum braunii (Spenn.) Fée Z ; 5 +
Polystichum tsus-simense (Hook.) J. Sm. K + +
Pteris sp. K + +
Rumohra adiantiformis (G. Forst.) Ching K = =
Tectaria incisa Cav. T + +

nation with or without LN exposure. However, when locally collected spores
were processed immediately after collection, there was good survival through
drying and LN exposure, using either drying over silica gel or the encapsula-
tion dehydration procedure. In addition, fresh spores of O. regalis that were

cryostored using the encapsulation dehydration procedure retained good via-
bility after 18 months of LN storage (Table 3).
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TABLE 2. Survival of nonchlorophyllous spores of three species for up to 75 months at three storage
temperatures.

———————— —— —

. Storage temperatures
Storage time & pe

Species (months) 4°C =20F —196°C
Pteris sp. 7 + + s
13 + + +
34 + + +
75 + + -
Cyrtomium falcatum 7 + + +
13 + + -
34 + + +
13 + + +
Polystichium tsus-sinense 7 + + s
13 + + +
34 5 G + C
75 T o E i
DISCUSSION

These results demonstrate that dried spores from a number of species of
ferns can survive exposure to liquid nitrogen. In addition, dry, nonchloro-
phyllous spores of four species survived LN storage for 52 months, and three
other species survived well for over 75 months when kept at either 4°C, —20°C,
or —196°C (in LN). Chlorophyllous spores of Osmunda regalis maintained vi-
ability in LN for at least 18 months.

It 1s known that nonchlorophyllous spores of many species can be main-
tained in the dry state at room temperature for a number of years, or even
decades (e.g., Windham et al., 1986). Viability does decrease over time, and
this loss has been correlated with a loss of protein, sugar, and amino acids in
Pteris vittata (Beri and Bir, 1993). Hydrated storage has also been explored and
has been shown to maintain viability longer than dry storage with spores of
several species (Lindsay et al., 1992). Spores of Cryptogramma crispa showed
a decreased rate of germination when subjected to freezing at —18°C, although
the degree of moisture in the spores was not determined (Pangua et al., 1999).

Nonchlorophyllous spores are similar to orthodox seeds, which can be dried
and stored for a number of years. The longevity of orthodox seeds is extended
proportionately with a decrease in the storage temperature, and such seeds
have traditionally been stored at 4°C or —20°C. Dried orthodox seeds are also
generally tolerant of LN storage, which may extend longevity significantly
(Stanwood, 1985; Pence, 1991). Nonchlorophyllous spores appear to have a
similar tolerance for cryostorage, and, in the case of three species, there was
no apparent difference in the germination of spores stored at 4°C, —20°C, or
in LN for up to six years. More detailed studies are needed to determine if
there are differences in the rate or the quality of germination after longer stor-
age times, but all three temperatures should extend the storage life of non-
chlorophyllous spores well beyond the mean of 3 years at room temperature,
determined by Lloyd and Klekowski (1970).
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TABLE 3. Survival of spores of five chlorophyllous species through LN exposure, prepared either with
air drying, drying under the air flow of the laminar flow hood or with the encapsulation/pretreatment/
dehydration procedure (Fabre and Dereuddre, 1990). Spore sources: SE = Spore Exchange: Z = collection
at the Cincinnati Zoo and Botanical Garden. Germination of many spores = +; germination of one or
only a few spores = (+); no germination observed = —.

e ——

Time
Species Source Treatment in LN  Survival
Blechnum nudum (Labill.) Matt ex Lerss. SE  Air drying O hr
1 =
Matteuccia struthiopteris (L.) Tod. SE  Air drying 0 =
l —
Onoclea sensibilis L. SE  Air drying 0 (+)
l —
L Air drying O +
1 +
Osmunda cinnamomea L. SE  Air drying 0 =
1 —
Osmunda regalis L. SE  Air drying 0 =
I (+)
SE  Air drying 0 (+)
I (+)
SE  Air drying 0 =
l —
Z Drying over silica gel 0 +
1 +
74 Encapsulation/dehydration 0 +
1 +
0 +
1 +
I8 mos +

[n contrast with nonchlorophyllous spores, chlorophyllous spores germinate
rapidly, within an average of two days, and have a mean storage life of only
48 days (Lloyd and Klekowski, 1970), although there is evidence that in the
moist soil spore bank they can survive at least 10 months (Dyer and Lindsay,
1992). No more than 5% viability was reported for Osmunda regalis and O.
claytoniana spores maintained for 3.5 years at 4°C (Stokey, 1951). The limited
viability of dry spores of Equisetum hyemale has been shown to result from
damage to photosynthetic function that occurs within two weeks of storage
(Lebkuecher, 1997), although their longevity has been increased by storage at
4°C and at —70°C (Lloyd and Klekowski, 1970; Whittier, 1996). Of the chlo-
rophyllous species studied here, spores that had been stored for a year had
lost most or all viability by the time of testing, whereas fresh spores were
viable and maintained viability through desiccation and LN storage. In the case
of Osmunda regalis spores, viability was maintained for at least 18 months in
LN storage, and it is likely that this may extend for even longer periods of
time. Freeze storage of dried chlorophyllous spores might be used by spore
banks to maintain viability in these species over longer periods of time, al-
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though further research is needed to determine whether conventional freezing
temperatures are equally as effective as storage in LN.

Chlorophyllous spores that can tolerate desiccation but have limited viabil-
ity under natural conditions resemble seeds classified as sub-orthodox (Bon-
ner, 1986). Seeds of species of Populus and Salix, for example, can tolerate
drying, but are generally short-lived either as dried or hydrated seeds. How-
ever, when they are dry, they can also tolerate exposure to freezing tempera-
tures (—20°C and LN), and when stored under these conditions their longevity
is increased compared with storage at 4°C (Pence, 1996, and unpublished). LN
storage should offer a similar advantage for the long-term storage of the gen-
erally short-lived chlorophyllous spores.

The results of these studies suggest that low temperature storage, including
cryopreservation, is an option for the storage of both nonchlorophyllous and
chlorophyllous fern spores. Although each species is unique, these results
with nonendangered species provide an indication that there is a high prob-
ability of success with spores from a variety of species, including rare or en-
dangered species, for which spores may be in limited supply. Low temperature
spore banking could be used to supplement traditional spore storage, as well
as sporophyte collections, soil spore banks (Dyer, 1994), and LN storage of fern
gametophytes (Pence, 2000) for the maintenance of rare or endangered species.
For the long-term ex situ preservation of rare or endangered germplasm, low
temperature storage, including cryopreservation, can be used as one tool in an
integrated approach to fern species preservation.

ACKNOWLEDGMENTS

The author gratefully acknowledges Jeff Kapella (Krohn Conservatory) and Jocelyn Horder and
Wayne Baxter (American Fern Society Spore Exchange) for providing several of the species used
in this study; Alvin Jose for making the collections at the Cincinnati Zoo and Botanical Garden;
William Stiver, Alvin Jose, Mary Ann Feist, and Natasha Cavanaugh for excellent technical assis-
tance; and Yasmin Comeau (National Herbarium of Trinidad and Tobago) and her staff for iden-
tifying species collected in Trinidad.

LITERATURE CITED

AGRAWAL, D. C., S. S. PAWAR, and A. F. MASCARENHAS. 1993. Cryopreservation of spores of Cyathea
spinulosa Wall. ex. Hook. f. An endangered tree fern. ]J. Plant Physiol. 142:124-126.

BERI, A., and S. S. BiR. 1993. Germination of stored spores of Pteris vittata L. Amer. Fern J. 83:
73—78.

BONNER, F. 1986. Technologies to maintain tree germplasm diversity. Pp. 630-672 in Technologies
to maintain biological diversity, vol 2, part D. Office of Technology Assessment, Washington,
DC.

CAMLOH, M. 1999. Spore age and sterilization affects germination and early gametophyte devel-
opment of Platycerium bifurcatum. Amer. Fern J. 89:124-132.

Dickig, J. B., R. H. ELLis, H. L. Kraak, K. RYDER, and P. B. TOMPSETT. 1990. Temperature and seed
storage longevity. Ann. Bot. 65:197-204.

DYER A. F. 1994. Natural soil spore banks: Can they be used to retrieve lost ferns? Biodiversity &
Conservation 3:160-175.

DYER, A. F,, and S. LINDSAY. 1992. Soil spore banks of temperate ferns. Amer. Fern J. 82: 89—122.



126 AMERICAN FERN JOURNAL: VOLUME 90 NUMBER 4 (2000)

FABRE, |., and J. DEREUDDRE. 1990. Encapsulation-dehydration: A new approach to crvopreservation
of Solanum shoot-tips. Cryoletters 11:413-426.

JERMY A. C. 1990. Conservation of pteridophytes. Pp 14-15 in K. Kubitzki, ed. The families and
genera of vascular plants. Vol. I. Pteridophytes and gyvmnosperms. Vol. eds. K. U. Kramer
and P. S. Green. Springer Verlag, Berlin.

LEBKUECHER, J. G. 1997. Desiccation-time limits of photosynthetic recovery in Equisetum hyemale
(Equisetaceae) spores. Amer. |. Bot. 84:792-797.

LiNDSAY, S., N. WiLLiaMS, and A. F. DYER. 1992, Wet storage of fern spores: unconventional but
far more effective. Pp. 285-294 in J. M. Ide, A. C. Jermy, and A. M. Paul, eds. Fern horticul-
ture: Past, present, and future perspectives. Intercept, Andover.

LINSMAIER, E. M., and F. Sk00G. 1965. Organic growth factor requirements of tobacco tissue cul-
tures. Physiol. Pl. 18:100-127.

LLoyp, R. M., anD E. J. KLEKOWSKI, JR. 1970. Spore germination and viability in Pteridophyta:
Evolutionary significance of chlorophyllous spores. Biotropica 2:129-137.

PANGUA, E., L. GARCIA-ALVAREZ, and S. PAJARON. 1999. Studies on Cryptogramma crispa spore
germination. Amer. Fern J. 89:159-170.

PENCE, V. C. 1991. Cryopreservation of seeds of Ohio native plants and related species. Seed Sci.
Technol. 19:235-251.

PENCE, V. C. 1996. Germination, desiccation and cryopreservation of seeds of Populus deltoides
Bartr. Seed Sci. Technol. 24:151-157.

PENCE, V. C. 2000. Cryopreservation of in vitro grown fern gametophytes. Amer. Fern J. 90:16-23.
SIMABUKURO E. A., A. F. DYER, and G. M. FELIPPE. 1998. The effect of sterilization and storage
conditions on the viability of the spores of Cyathea delgadii. Amer. Fern |. 88:72—80.
SOEDER, R. W. 1985. Fern constituents: Including occurrence, chemotaxonomy and physiological

activity. Bot. Rev. 51:442-536.
STANWOOD, P. C. 1985. Cryopreservation of seed germplasm for genetic conservation. Pp. 199-226.
in K. K. Kartha. Cryopreservation of plant cells and organs. CRC Press, Boca Raton, Florida.
STOKEY, A. G. 1951. Duration of viability of spores of the Osmundaceae. Amer. Fern J. 41:111-
115.

WALTER, K. S., and H. J. GILLETT. 1998. 1997 IUCN Red List of Threatened Plants. [UCN-The World
Conservation Union, Gland, Switzerland.

WHITTIER, D. P. 1996. Extending the viability of Equisetum hyemale spores. Amer. Fern J. 86:114—
118.

WINDHAM, M. D., P. G. WoLF, and T. A. RANKER. 1986. Factors atfecting prolonged spore viability
in herbaceous collection of three species of Pellaea. Amer. Fern J. 76:141-148.



